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This article reports a novel impedance-driven ﬂow apparatus and its applicability for studying magnesium degradation under ﬂow versus static
conditions. Magnesium has potential to be an effective biomaterial for use inside the human body due to its biodegradability and biocompatibility.
Magnesium undergoes degradation reactions in aqueous solutions such as body ﬂuids, leading to mass loss and pH increase of the surrounding ﬂuid. To
compare the degradation process of magnesium under ﬂow versus static conditions, a novel ﬂow apparatus consisting of an impedance pump and a ﬂow
chamber was designed and constructed. In addition to low-cost, this apparatus is ﬂexible to be sterilized and assembled, and is small enough for use
inside an incubator, making it appealing for measuring and comparing magnesium degradation in vitro under ﬂow versus static conditions. The average
ﬂow rate in this ﬂow apparatus was 2.8 ml/s, mimicking the ﬂow rate (2.6 ml/s) in coronary artery. In a simulated body ﬂuid (SBF), magnesium
samples lost their mass at a much faster rate under the ﬂow condition than that under the static condition. Starting with a pH of 7.4, the SBF showed a
pH increase to 8.5 under the ﬂow condition within 96 h due to the degradation of magnesium, greater than the pH increase under the static condition.
The results of this study demonstrated the effects of ﬂuid ﬂow on magnesium degradation using the impedance-driven ﬂow apparatus, providing useful
design guidelines for magnesium-based implants that may be exposed to body ﬂuid ﬂow.
& 2014 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.
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1.1. Magnesium as a novel biomaterial and mechanism of
degradation
The biocompatibility and biodegradability of magnesium
makes it an excellent candidate for use in temporary medical
implants and devices [1]. Magnesium is promising for a wide
range of biomedical applications, such as temporary tissue
engineering scaffolds, ﬁxation devices used in orthopedic,/10.1016/j.pnsc.2014.08.012
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nder responsibility of Chinese Materials Research Society.spinal and craniomaxillofacial surgeries, cardiovascular stents,
and urological stents and catheters [1,2]. Generally, these
devices only serve temporary functions in the body and should
degrade and disappear when no longer needed. For example,
biodegradable ureteral stents are more desirable to avoid the
complications associated with forgotten indwelling ureteral
stents [3,4], as compared with the stents made of non-
biodegradable materials. Temporary prostatic stents were
reported to be beneﬁcial for men with micturition problems
without signiﬁcant complications [5]. All these examples are in
contrast to currently dominant bio-metals such as titanium (Ti)
and their alloys, which are non-degradable and used in
permanent implants, such as total hip or total knee joint
replacements. Current implants may require removal from
the body after they served their purposes or “upgrade” due
to growth of pediatric patients, unforeseen complications, orElsevier B.V. All rights reserved.
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of magnesium, implants made out of magnesium eliminate the
need for secondary surgeries to remove them. This reduces the
risk of iatrogenic complications that are associated with
surgical operations and greatly decreases the health care cost.
In addition, magnesium has similar mechanical properties as
bone, making them attractive for use in load-bearing muscu-
loskeletal applications [6]. These desirable characteristics are
the reasons why magnesium will certainly play a major role in
the next generation medical implant technology.
An aspect of magnesium degradation that is especially
relevant to biological systems is the reduction–oxidation
reaction that occurs between the magnesium and the water in
the aqueous environment. The standard electrode potential of
magnesium is much lower than that of water, and thus
magnesium can easily be oxidized as it gives up its electrons
and reduces water to hydrogen gas and hydroxide. The
increase in the local concentration of OH ions leads to an
increase in pH around the site of degradation. Since the pH is a
tightly regulated parameter in the biological system, it isRest of 
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this ﬂow device.important to study magnesium degradation rate. Moreover,
magnesium leaves the bulk of the metal and dissolves in the
solution as magnesium ions (Mg2þ ) because of the degrada-
tion reaction, resulting in mass loss of medical implants.
Another cause for mass loss of magnesium and its structural
integrity is the embrittlement of the metal itself due to the
production of hydrogen gas at the site of degradation, which
can lead to bits of the metal “falling off” into the solution [7].
Rapid mass loss of magnesium-based biodegradable implants
may compromise the implant structure and integrity prema-
turely, making it worthy of investigation.
1.2. Motivation and objective
Although it is desirable for temporary implants made out of
magnesium to degrade in biological systems, the rate of
degradation must be controlled and characterized before
magnesium-based implants can become a clinical reality. If
the degradation rate is too fast, the implant will not adequately
serve its purpose and may generate byproducts so fast that thest of 
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other hand, if the degradation rate is too slow, it will defeat the
beneﬁts of the “temporary” aspect of the implant. In addition,
the presence of ﬂuid ﬂow inside the human body may cause
the implants that made from the same material and constructed
with the same geometry to degrade at different rates depending
on where it is used. For these reasons, the degradation rate is
an important design criterion for magnesium-based implants
and should be considered with respect to the ﬂow conditions at
intended anatomical locations.
As discussed previously, the degradation of magnesium
leads to changes in the implant mass and the local pH around
the site of degradation, which can affect the performance of
magnesium-based implants and health of the cells around the
implants. Thus, the objective of this study is to investigate the
effects of ﬂuid ﬂow on magnesium degradation by examining
the mass change of magnesium samples and the pH change in
the ﬂuid caused by the sample degradation. In pursuit of this
objective, we constructed a novel impedance-driven ﬂow
apparatus designed speciﬁcally to study magnesium degrada-
tion under controlled ﬂow condition versus static condition.
This apparatus was designed with simplicity, cost, and ease of
use in mind, so that the same apparatus can be used with
relatively little effort to study different working ﬂuids,
different samples, different chamber geometries and ﬂow rates.
The suitability of this impedance-driven ﬂow apparatus for
studying magnesium degradation was evaluated in this study.
The results of magnesium degradation can be used to guide
future in vivo studies.2. Materials and methods
2.1. Impedance-driven ﬂow apparatus
Fig. 1 illustrates the schematic of the impedance-driven ﬂow
apparatus. It consists of four parts: the impedance pump
(Fig. 1b), the working ﬂuid entrance (Fig. 1c), the ﬂow
chamber (Fig. 1d), and optional inline sensors (not shown).
Each part is connected as part of a loop that carries the
working ﬂuid and can be easily disconnected and changed for
different experimental design or different working ﬂuids. The
actual ﬂuid conveyance is referred to as the ﬂow circuit for the
rest of this paper. In our current implementation, as shown in
Fig. 2, each component has an inlet barb and an outlet barb.
We chose 14 in. barbs throughout the system due to its wide
availability. The barbs are made of polypropylene due to its
high chemical resistance and low-cost. The use of barbs allow
for any tubing of the correct size to be swapped out, in order to
meet compatibility requirements of the working ﬂuid. The
experiments described in this paper were carried out in the
simulated body ﬂuid (SBF) using polyvinyl chloride (PVC)
tubing.
2.1.1. Impedance pump
The impedance pump moves the working ﬂuid through the
circuit and provides the dynamic conditions for studyingmagnesium degradation. We designed the pump based on the
impedance principle because the impedance pump has even
less moving parts than a peristaltic pump and thus can be made
less expensive and more compact in size. The impedance
pump and its properties have been previously investigated by
Gharib et al. [8–11]. Fig. 1b provides an illustration of the
impedance principle. An impedance pump consists of a length
of elastic tubing with both ends connected to inelastic tubing.
A pincher device is placed near one end of the elastic tube (as
opposed to being at the midpoint between the two ends), and
the pinches on the elastic tube at a certain frequency and duty
cycle induce a “wave” in the tubing wall itself to emanate from
the pincher site in both directions. However, the wave
traveling towards the right end in Fig. 1b will reﬂect in the
opposite direction due to the relative inelasticity of the barbed
connectors (an impedance mismatch, hence named as “impe-
dance pump”). These reﬂections setup a resonance effect that
produces a net ﬂow of the ﬂuid without requiring any valves or
many moving parts [8].
For this study, we used an electromagnetic solenoid
(Guardian Electric, 24 VDC) to drive the pincher. Because
the ﬂow rate is critically dependent on the frequency and duty
cycle of the pincher, an Arduino microcontroller was used due
to its ease of programming, to control the solenoid pinching
action through a transistor circuit. The microcontroller was set
to repeatedly activate the solenoid for 45 ms (pinching the
tube) and then deactivate the solenoid for 250 ms (releasing)
the tube. This produces a rectangular wave with a frequency of
3.39 Hz and a duty cycle of 15.25%. This pumping behavior is
ﬁxed for all experiments in this study.
2.1.2. Working ﬂuid entrance
The ﬂuid entrance consists of two four-way stopcocks
connected in series within the ﬂow circuit, as shown in
Fig. 2c. Here, “four-way” refers to the number of ﬂow patterns
that the stopcocks can be set to: a “T” pattern, two “L”
patterns, and an “I” pattern. Fig. 1c shows the four possible
ﬂow patterns. One stopcock is used to deliver the working
ﬂuid into the ﬂow circuit, while the other stopcock is used to
vent the ﬂow circuit to allow the ﬂuid to displace any air or
previously used ﬂuid in the circuit. This design allows for easy
ﬂuid transport in and out of the circuit without disconnecting
any part of the circuit, thus minimizing air bubbles and
spillage. This design is especially important for biological
working ﬂuids such as human blood or urine.
The ﬁlling procedure is as follows: designate one stopcock
as the “ﬁlling” stopcock and the other stopcock as the
“venting” stopcock. The order of stopcocks with respect to
the ﬂow direction is irrelevant. Set the ﬁlling stopcock to a “T”
pattern and the venting stopcock to any “L” pattern (Fig. 1c).
Inject the working ﬂuid into the circuit through the ﬁlling
stopcock's ﬁlling port until some of the ﬂuid exits the venting
stopcock's venting port. Set the venting stopcock to the other
“L” pattern (Fig. 1c), and continue injecting ﬂuid until some of
the ﬂuid exits the venting stopcock's venting port. The purpose
of changing the “L” pattern to another “L” pattern during
injection is to ensure the entire ﬂow circuit is ﬁlled, including
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set both stopcocks to the “I” pattern (Fig. 1c) to close off the
ﬁlling and venting ports. A similar procedure was used to
collect the working ﬂuid from the ﬂow circuit, but with a clean
syringe attached to the venting stopcock. This syringe is used
to remove the working ﬂuid with minimal spillage for further
analysis.
2.1.3. Flow chamber
The ﬂow chamber is designed to hold the magnesium
sample in place while the working ﬂuid is being pumped
through it. The ﬂow chamber can be made to mimic the target
application closely (e.g., blood vessels). In this study, since our
objective is to investigate magnesium degradation, we
designed and built a simple “box”-type chamber to prove the
concept, although the chamber can be designed to mimic anyspeciﬁc body parts. Fig. 2(d–f) shows a top and side view of
the actual ﬂow chamber assembly used, and the disassembled
components used to build the chamber. Multiple identical
chambers were built to allow triplicate experiments to be
performed simultaneously in both ﬂow and static conditions.
The chamber is composed of a hollow rectangular prism
(without the bottom and top sides) made of anodized alumi-
num. The outside dimensions of the chamber were 1 in. by
3 in. by 1 in. The bottom and top sides are microscopy glass
slides secured to the aluminum prism via 3D printed acryloni-
trile butadiene styrene (ABS) brackets. The use of glass slides
allowed us to monitor the magnesium samples during the
experiments. The brackets were custom-made using a 3D
printer (Dimension Elite, Stratasys). Silicone gaskets were
used to prevent leakage between the glass and aluminum
prism. The entire assembly was secured together using four
E.D. Mai, H. Liu / Progress in Natural Science: Materials International 24 (2014) 554–560558hex screws and nuts. The screws must be made of stainless
steel to reduce corrosion due to the working ﬂuid. The
aluminum prism component had two holes (tapped to National
Pipe Thread standards), one on each of the two narrower sides
of the prism, where 14 in. barbed connectors were ﬁtted as the
inlet and outlet.
The top of the aluminum component had a single glass slide,
while the bottom of the aluminum component had two glass
slides secured to it. The innermost of the two bottom glass
slides had a hole drilled through it. The two slides are
separated by another silicone gasket. When the two glass
slides, the gaskets and the bottom ABS bracket are assembled,
this conﬁguration allows the edges of the magnesium samples
to be inserted between the two bottom slides and secured,
which keeps the magnesium sample from moving around
under ﬂow condition.Table 1
Composition of the simulated body ﬂuid (SBF) used in this study in
comparison with that of human blood plasma.
Ions Simulated body ﬂuid (mM) Human blood plasma (mM)
Naþ 142.0 142.0
Kþ 5.0 5.0
Mg2þ 1.5 1.5
Ca2þ 2.5 2.5
Cl 148.8 103.0
HCO3 4.2 27.0
HPO42 1.0 1.0
SO42 0.5 0.52.2. Flow rate characterization
To determine the ﬂow rate at a given pump frequency and
duty cycle, the ﬂow chamber was replaced with a tube section
of a known volume. This volume can be determined using any
desired method, such as using calipers to measure the
cylindrical cross section dimensions, or taking the mass of
water that completely ﬁlled the tubing and calculating the
volume via the water density. We used the latter to determine
the volume. The circuit is ﬁrst ﬁlled with the working ﬂuid,
then a “marker” or “dye” or a small amount of any tracer
suitable to serve as a marker was injected into the ﬂow circuit.
The pump is activated, and the time it takes for the marker to
travel through the tube section of a known volume was
recorded. Dividing the volume of the tube section by the
transport time gives a good estimate of the ﬂow rate. This is
the same ﬂow rate determination principle used for calibrating
ﬂow meters in industry.
The mass of the tube was measured to be 57.8055 g when it
is dry, and 71.7864 g when it is ﬁlled with water. Both masses
were measured with an analytical balance (Mettler-Toledo
Inc.). The mass of the water was 13.9809 g, which can be
converted to volume, which was calculated to be 14.012 ml
using water density reference data and taking account of the
laboratory temperature.
This tube took the place of the ﬂow chamber, and was ﬁlled
with the ﬂuid via the ﬂuid entrance as usual. A small plastic
bead about the same diameter as the inner diameter of the tube
section was inserted into the ﬂow circuit before the pump was
turned on. As the pump was turned on, the time it takes for this
bead to pass through or clear the measured tube section is
measured. For this study, we found that the clearance time for
this bead was 5 s. Thus, the estimated average ﬂow rate for the
current experimental setup is 2.8 ml/s, very close to the ﬂow
rate (2.6 ml/s) in coronary artery. This procedure only needs to
be repeated when the frequency and duty cycle of the solenoid
is changed. In this study, we kept the frequency and duty cycle
of the solenoid as constants, and thus the ﬂow rate is ﬁxed for
all experiments.2.3. Magnesium degradation under ﬂow versus static
condition
For the degradation experiments, sterilized magnesium
samples were placed and secured inside the ﬂow chamber,
and were subjected to ﬂowing working ﬂuid. The sterilization
step reduces the chance of bacteria proliferating in the working
ﬂuid or the sample and potentially affecting the results. The
ﬂuid is continuously moved through the circuit via an
impedance pump. At certain time points, the magnesium
sample was removed from the chamber to dry overnight for
mass measurements and the working ﬂuid was collected from
the circuit for pH measurements. These steps can be repeated
for as long as needed. To establish a baseline for magnesium
degradation under ﬂow conditions, identical circuits not
equipped with pumps were set up in parallel with the ﬂow
circuits equipped with pumps. The magnesium samples and
working ﬂuid were loaded/unloaded to these circuits as usual.
All the samples were tested in triplicate. That is, three samples
were subjected to ﬂow condition and three samples were tested
under static condition, for a total of six samples.
2.3.1. Working ﬂuid
The composition of working ﬂuid was known to affect
magnesium degradation [12–14]. In this study, we chose
simulated body ﬂuid (SBF) as the working ﬂuid used for the
degradation experiments. SBF was developed by Kokubo et al.
[15,16], and its preparation has been previously described.
SBF was chosen because it mimics the ion composition of
human blood plasma, as shown in Table 1. The pH of the SBF
was initially adjusted to 7.4 to match the physiological pH.
The prepared SBF was ﬁltered through a 0.22 μm polyether-
sulfone (PES) ﬁlter (Fisher Scientiﬁc, Barrington IL) to
sterilize, and then stored at 4 1C. To perform the experiments
in triplicate for ﬂow and static conditions plus a few rehearsal
trials, 1 l of SBF was sufﬁcient.
2.3.2. Degradation study
Two ﬂow circuits were constructed respectively for ﬂow and
static conditions, the only difference being whether the pump
is present or not. The ﬂow circuit with a working impedance
pump exposes the samples to ﬂow condition, while the circuit
without the pump subjects the samples to static condition.
Commercially pure magnesium sheets with a purity of 98%
E.D. Mai, H. Liu / Progress in Natural Science: Materials International 24 (2014) 554–560 559and a thickness of 250 mm were carefully cut to produce 5 mm
by 17 mm rectangles. Pictures of the samples were taken and
their masses were determined (the “Hour 0” mass). Three of
the samples were subjected to ﬂow condition in the ﬂow
circuit, while the other three were subjected to static condition
in the circuit without the pump. SBF was prepared as discussed
in prior sections with its pH buffered to 7.4 (the “Hour 0” pH).
The magnesium samples were ﬁrst disinfected under ultra-
violet (UV) radiation for 45 min then loaded into their
corresponding ﬂow chambers. Once the ﬂow chambers are
assembled with the samples, approximately 50 ml of SBF was
injected into the ﬂow circuits. The ﬂow circuits with the pump
were turned on to expose the magnesium samples to the ﬂuid
ﬂow for 24 h, while the circuits without the pump were used to
expose the magnesium samples to the static condition for 24 h.
After 24 h, the pumps were turned off if there was one in the
circuit, and the working ﬂuid was collected from the circuit for
pH measurements. The chamber was disassembled to retrieve
the magnesium samples. The samples were placed in a vacuum
chamber to dry overnight at room temperature. After the
samples were dried completely, the mass of the samples was
weighed and the images of both front and back of the samples
were taken. The samples were then disinfected under UV
radiation for 45 min again and the process was repeated using
fresh SBF for another 24 h or for as long as desired. The
degradation study was stopped after the impedance pump has
been running for 96 h, since this was sufﬁcient to show a
signiﬁcant difference in magnesium degradation when comparing
ﬂow versus static condition.3. Results and discussion
3.1. Mass changes in magnesium
Fig. 3a shows the mass of the magnesium samples with
respect to the total incubation time in the ﬂow chamber. The80%
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the normalized ﬂow data series was 0.00169 %/h (R2¼0.984) and the slope of t
change of the immersion solution (i.e. SBF) under ﬂow versus static conditions. T
so the pH value at 0 h was 7.4 for all samples. Each data point represents the mean
standard deviation.time does not include time spent during UV radiation and
drying overnight. The mass of all magnesium samples were
taken over time, thus a total of six data series were averaged
and plotted. Despite our best efforts to cut each magnesium
sample to exactly the prescribed dimensions using digital
calipers, the starting mass of each sample was slightly
different. Thus, the mass change was calculated as the
percentage of initial mass. The mean initial mass of the
samples were 19.5 mg. At the end of the degradation experi-
ment at 96 h, the mean mass of the samples subjected to ﬂow
condition was 16.5 mg, while the mean mass of the samples
subjected to static condition was 18.6 mg. Assuming that the
mass of magnesium changes in a linear fashion, the mean mass
loss rate for the samples subjected to ﬂow condition was
0.0329 mg/h, while the mean mass loss rate for the samples
subjected to static condition was 0.00931 mg/h. That is, the
magnesium samples degraded at a rate of more than three
times faster under ﬂow conditions than under static conditions.
Thus, the results demonstrated that the ﬂow rate had a
signiﬁcant effect on the degradation rate of the magnesium.
We performed the two-sample t-test on the data and showed
that the p-value was much less than 0.05 when comparing
sample mass loss under ﬂow versus static conditions. The
degradation rate of magnesium based on mass loss is clearly
higher under ﬂow condition than that under static condition.
This is most likely due to the ﬂuid ﬂow sweeping the
degradation products away from the samples, allowing the
reactions to proceed at a relatively fast rate.3.2. pH changes in the working ﬂuid
The pH of the working ﬂuid of SBF became more alkaline
in comparison with the initial pH as the magnesium degraded
in solution, as shown in Fig. 3b. This is due to the formation of
hydroxide ions as magnesium degraded. Starting from 7.4, the
pH increased to 7.89, 8.21, and 8.49 at 24, 48, and 72 h7.2
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he working ﬂuid used in all experiments was taken from the same SBF stock,
of the three samples under the respective conditions. The error bars represent
E.D. Mai, H. Liu / Progress in Natural Science: Materials International 24 (2014) 554–560560respectively under ﬂow conditions, while the pH increased to
7.77, 7.87, and 7.99 at 24, 48, and 72 h respectively under
static conditions. The general trend is that the pH increases
upwards with the increase of incubation time, as the magne-
sium samples were exposed to ﬂow or static conditions. The
pH increased much more under ﬂow condition than under
static condition. This indicates that the degradation was
occurring at a faster rate under ﬂow condition, in agreement
with mass measurements. Interestingly, it was observed that
the pH at 96 h was the same for the ﬂow and static condition.
This might be due to the signiﬁcant mass loss of the
magnesium samples under ﬂow conditions at 96 h.4. Conclusions
We successfully designed and constructed a novel impedance-
driven ﬂow apparatus to investigate magnesium degradation
under controlled ﬂow versus static conditions. This ﬂow appara-
tus was relatively simple and low-cost to construct due to the use
of the impedance pump. Using this ﬂow apparatus, we demon-
strated that magnesium degraded at a signiﬁcantly higher rate
under ﬂow condition than that under static condition. We found
that the magnesium degraded more than three times faster at a
ﬂow rate of 2.8 ml/s than in static condition. This degradation
characteristic is especially relevant for cardiovascular device
applications, as they are exposed to blood ﬂow in arteries. We
also demonstrated that the pH of the working ﬂuid became more
alkaline as magnesium degraded. The increase of pH under ﬂow
condition was greater than that under static condition. Both the
mass loss and pH increase are indicative of magnesium degrada-
tion, and both showed a larger change from initial mass and pH
under ﬂow condition than under static condition. It is clear that
ﬂow condition has a signiﬁcant effect on magnesium degradation
and should be carefully considered when designing magnesium-
based biodegradable medical devices and implants.Acknowledgments
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